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atozforex.com; pnnl.org; districtenergy.org; scade.fr; schmidt-clemens.de; Linde Group; IHS Chemical Insight
Crude oil
Natural gas
Bio-based feeds
Steam cracking Consumer goods from
chemical industry
Naphtha
Light gasoil
Crude oil
Natural gas 
liquids
Gas-
condensates
Hydrode-
oxygenated
FAME
Ethene
139 106 t/a 
(2014)
Propene
87 106 t/a 
(2014)
Butadiene
Aromatics
Coke formation in steam cracking
Deposition of a carbon layer on the reactor surface
Endothermic process at temperatures of 1050–1150 K
Reduced thermal efficiency
Loss of product selectivity
Risk of tube damage
Decoding the complexity of the coke formation rate
Use 3D simulations to assess the effect
of enhanced reactors
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Nova Chemicals, 2002; Linde Group; Muños et al., 2013; Albright et al., 1988; Muños et al., 2014
Hot spots due to inhomogeneous
coke formation
Coil cracking due to differences
in thermal expansion rate
Operating conditions
Temperature
Pressure
Feedstock
Dilution
Reactor conditions
Coil metallurgy
Surface roughness
Coil lifetime
Pretreatments
Measures
Feed additives
(sulfur containing)
Surface coatings
‘Enhanced’ reactor 
3D geometry
1D Reactor performance
1D simulations are not sufficient to capture all phenomena
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1D Simulation BARE FINNED RIBBED
ΔP/ΔPBare 1.00 1.22 2.17
U/UBare 1.00 1.21 1.50
Tgas/cokes [K] 1079.4 1066.4 1054.5
Rel. rcoke - -4.8% -43.1%
Rel. yield C2H4 - -0.27% -1.47%
Rel. yield C3H6 - +0.03% +0.13%
~ 106 CPU seconds~ 100 CPU seconds
3D CFD simulations are computationally expensive but necessary
to obtain correct results
Van Cauwenberge, D. J et al.. Chem. Eng. J. 2015, 282, 66-76.
Vandewalle, L. A. et al.. AIChE Spring Meeting, Houston, TX, USA, 2016.
Streamwise periodicity
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Full-scale reactor simulation (length: 10 m)
Trick: streamwise periodicity
Computational domain can be 
reduced by using streamwise
periodic boundary conditions
~ 108 – 109 cells
Patankar, S. V.; Liu, C. H.; Sparrow, E. M.. J. Heat Transfer 1977, 99, (2), 180-186.
~105 – 106 iterations required to reach steady-state solution
Flow direction
~ 106 – 107 cells
Streamwise periodicity
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Speedup factors of 200+
Transformation: Time → Position
Δ𝑧 = 𝑈𝑏𝑢𝑙𝑘 Δ𝑡 =
׬𝜕𝑉 𝜌𝑢z𝑑𝐴
׬𝜕𝑉 𝜌𝑑𝐴
Δ𝑡
Assume velocity as fully-developed over the short computational volume
Use transient velocity field to evaluate species and enthalpy radial mixing 
Translate transient results back to the true steady-state by reconstructing
the position from the bulk velocity:
Van Cauwenberge, D. J. et al.. AIChE J. 2017, 63, 1715-1726.
RANS of steam cracking reactors
Reynolds-averaged Navier-Stokes simulations only resolve average fields
Need to model temperature (or concentration) fluctuations
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DNS LES RANS
Maries, A. et al. In New Developments in the Visualization and Processing of Tensor Fields; Springer Berlin Heidelberg, 2012; pp 137-156.
Turbulence-chemistry interaction in RANS
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Reynolds-averaged Navier-Stokes simulations only resolve average fields
However ҧ𝑟𝑖 ≠ 𝑟𝑖 ഥ𝑇, ഥ𝐶𝑗 since ത𝑘𝑖 ≠ 𝑘𝑖 ത𝑇 = 𝐴𝑖𝑒
−
𝐸𝑎,𝑖
𝑅ഥ𝑇
Solve conservation equation for temperature variance 𝜎𝑇
2
𝛻 𝜌ഥ𝒖𝜎𝑇
2 = 𝛻 ∙ 𝜌
𝜇𝑡
𝜎𝑡
𝛻𝜎𝑇
2 + 2.85
𝜇𝑡
𝑆𝑐𝑡
𝛻ത𝑇 2 − 𝜀𝑇
Calculate reaction rate coefficient as ത𝑘𝑖 = ׬0
∞
𝑘𝑖 𝑇 𝑃 𝑇 𝑑𝑇
Assume Gaussian distribution for PDF 𝑃 𝑇 =
1
2 𝜋 𝜎𝑇
2
1
2
𝑒
−
𝑇−ഥ𝑇 2
2 𝜎𝑇
2
Perform integration based on Gaussian quadrature
Fox, R. O., Computational Models for Turbulent Reacting Flows. Cambridge University Press: 2003.
Convection Diffusion Source term Dissipation
Turbulence-chemistry interaction in RANS
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Redjem-Saad, L. et al.. Int. J. Heat Fluid Flow 2007, 28, 847-861.
Validation of turbulent flow solver based on DNS results of Redjem-Saad et al.
OpenFOAM 2.2.0 / SST k-ω model / second-order spatial discretization
Temperature variance dissipation rate 𝜀𝑇 via algebraic eq. or transport eq.
Algebraic closure for 𝜀𝑇 has lowest cost and highest accuracy
𝜀𝑇 = 𝐶1
𝜀
𝑘
𝜎𝑇
2 𝛻 𝜌ഥ𝒖𝜀𝑇 = 𝛻 ∙ 𝜌
𝜇𝑡
𝑆𝑐𝑡
𝛻𝜀𝑇 + ሶ𝑆𝜀𝑇 −
ሶ𝐷𝜀𝑇
Turbulence-chemistry interaction in RANS
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Two proof-of-concept cases in a tubular reactor
GOAL: assess effect of turbulence-
chemistry interaction
Simulate FixedT and FixedQ without and 
with transport of 𝜎𝑇
2
FixedT FixedQ
Reactor length [m] 10.5
Reactor inner diameter [m] 0.03
Feedstock n-butane (n-C4H10)
Steam dilution [kg kg-1] 0.30
Inlet velocity [m s-1] 15.0
Inlet pressure [103 Pa] 223.15
Inlet temperature [K] 800 893
Target Reynolds number [-] 25,000
FixedT
10
FixedQ
Turbulence-chemistry interaction in RANS
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Two proof-of-concept cases in a tubular reactor
Negligible difference in axial mean temperature when accounting for 𝜎𝑇
2
FixedT FixedQ
FixedT FixedQ
Turbulence-chemistry interaction in RANS
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Two proof-of-concept cases in a tubular reactor
Negligible difference in radial mean temperature when accounting for 𝜎𝑇
2
FixedT
FixedQ
FixedT FixedQ
Turbulence-chemistry interaction in RANS
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Two proof-of-concept cases in a tubular reactor
Minor difference in conversion when accounting for 𝜎𝑇
2
Minor difference in product yields when accounting for 𝜎𝑇
2
FixedT FixedQ
Turbulence-chemistry noVar Var noVar Var
Coil outlet temperature [K] 1196.62 1197.09 1207.91 1207.46
P/E ratio [wt%/wt%] 0.416 0.408 0.435 0.429
Butane conversion [-] 98.04 98.24 98.82 98.89
Product Yields [wt%]
H2 1.50 1.50 0.90 0.90
CH4 9.34 9.35 15.10 15.12
C2H4 53.42 53.88 50.81 51.02
C3H6 22.22 21.96 22.08 21.91
C2H6 9.51 9.51 8.23 8.24
C3H8 2.06 2.04 1.70 1.70
LES of steam cracking reactors
Large eddy simulations partly resolve the turbulent scales
No need to model temperature (or concentration) fluctuations
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DNS LES RANS Bare
Finned
Ribbed
Van Cauwenberge, D. J et al.. Chem. Eng. J. 2015, 282, 66-76.
Maries, A. et al. In New Developments in the Visualization and Processing of Tensor Fields; Springer Berlin Heidelberg, 2012; pp 137-156.
LES of steam cracking reactors
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Steam cracking of n-butane
Reduced single-event microkinetic network, originating from RMG
149 reversible reactions amongst 11 transported species and 9 radicals
Validated against experimental data in bench scale setup for steam cracking
Reactor length [m] 1.49
Reactor inner diameter [m] 0.006
Reactor material Incoloy 800HT
Inlet mass flow rate [kg s-1] 5.83 10-5
Dilution [kg kg-1] 0.40
Pressure [Pa] 1.70 105
LES of steam cracking reactors
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Steam cracking of n-butane
Reduced single-event microkinetic network, originating from RMG
149 reversible reactions amongst 11 transported species and 9 radicals
Validated against experimental data and a full SEMK model by Sabbe et al. 
Gao, C. W.; Allen, J. W.; Green, W. H.; West, R. H.. Comput. Phys. Commun. 2016, 203, 212-225.
Sabbe, M. K.; Van Geem, K. M.; Reyniers, M.-F.; Marin, G. B.. AlChE J. 2011, 57, (2), 482-496.
SEMK Sabbe et al.
Experimental
SEMK present work
LES of steam cracking reactors
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Mesh details
BARE FINNED RIBBED
Domain length [m] 0.152 0.152 0.13822
Max. outer diameter [m] 0.0381 0.04297 0.0381
Av. Δ𝑟+ = 𝑦+ 1 1.33 1
Number of cells 3.96 106 6.23 106 14.23 106
Cell type Hexahedral Hexahedral Hexahedral
Generated with OpenFOAM Pointwise OpenFOAM
LES of steam cracking reactors
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Process conditions Heat flux profiles
Same total heat input to all reactors
Value
Feedstock n-butane (n-C4H10)
HC mass flow rate [kg s-1] 0.0452
Steam dilution [kg kg-1] 0.45
Total mass flow rate [kg s-1] 0.0655
Inlet pressure [105 Pa] 2.36
Inlet temperature [K] 909
Total reactor length [m] 10.0
Total heat input [103 W] 142.08
Target Reynolds number [-] 72,000
LES of steam cracking reactors
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Trade-off between heat transfer enhancement and pressure drop increase
BARE FINNED RIBBED
Av. HTC [W m-2 K-1] 697.8 672.7 917.8
Enhancement factor 1 1.25 1.33
HTC = heat transfer coefficient
Pressure drop [kPa] 19.8 23.6 42.7
Pressure drop ratio 1 1.19 2.15
LES of steam cracking reactors
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Mixing-cup averaged profiles from LES in
Significant pressure drop
penalty
Higher velocity in ribbed
case due to lower pressure
Temperature approaches
1D case with increasing
radial uniformity
Minor effect on conversion
1D underestimates ethene
yield, minor differences
between 3D cases
LES of steam cracking reactors
21
ICCK2017, Chicago, IL, May 21-25, 2017
Importance of 3D simulations – instantaneous temperature [K]
Lower average
wall temperature
High temperature
at trailing edge of 
the rib
Bare
Finned
Ribbed
Flow direction
LES of steam cracking reactors
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Importance of 3D simulations – instantaneous rate of coke formation [kg m-2 s-1]
Lower rate of coke formation due to
lower average wall temperature
Coke formation highest at trailing edge
Plehiers, P. M.; Reyniers, G. C.; Froment, G. F.. Ind. Eng. Chem. Res. 1990, 29, (4), 636-641.
Bare
Finned
Ribbed
Flow direction
LES of steam cracking reactors
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Temperature distribution in computational domain at given simulation time
Temperature distribution in
finned tube has a pronounced
high temperature tail due to
high temperatures in valleys.
Temperature distribution in
bare tube is relatively broad
with a high temperature tail.
Temperature distribution in
ribbed tube is more narrow
due to better radial mixing.
Conclusions
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3D simulation of steam cracking tubes is necessary for accuracy, but at
the penalty of a high computational cost.
Temperature fluctuations can be considered in RANS by solving a
transport equation for 𝜎𝑇
2, however the effect on the yields is small.
Reactive large eddy simulations of butane cracking in a bare tube, a
finned tube and a ribbed tube were performed in .
More homogeneous mixing in the ribbed tube.
Yield effect of enhanced reactor coils is minor, however the effect on
the run length is beneficial due to lower rate of coke formation.
FINNED RIBBED
HT enhancement factor 1.25 1.33
Pressure drop ratio 1.19 2.15
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